ebg enzyme, the second 3-galactosidase of Escherichia coli, does not normally convert lactose into an inducer of the lac operon. We previously reported the existence of a mutant ebg enzyme that does make such an inducer in vivo (Rolseth et al., J. Bacteriol. 142:1036-1039 , 1980 . Here I report that the mutant enzyme makes inducer from lactose in vitro and that the inducer is allolactose. Allolactose is made from lactose by direct transgalactosylation at a rate that is 8 to 10%o of the rate of lactose hydrolysis. Galactose is also transferred to glucose free in solution, but the resulting indirect transgalactosylation products are not allolactose or lactose. The ability to efficiently synthesize allolactose is a general property of class IV mutant ebg enzymes, whereas other classes of ebg mutant enzymes are unable to synthesize allolactose efficiently. The evolutionary implications of this new function are discussed.
ebg enzyme, the second 3-galactosidase of Escherichia coli, does not normally convert lactose into an inducer of the lac operon. We previously reported the existence of a mutant ebg enzyme that does make such an inducer in vivo (Rolseth et al., J. Bacteriol. 142:1036-1039, 1980). Here I report that the mutant enzyme makes inducer from lactose in vitro and that the inducer is allolactose. Allolactose is made from lactose by direct transgalactosylation at a rate that is 8 to 10%o of the rate of lactose hydrolysis. Galactose is also transferred to glucose free in solution, but the resulting indirect transgalactosylation products are not allolactose or lactose. The ability to efficiently synthesize allolactose is a general property of class IV mutant ebg enzymes, whereas other classes of ebg mutant enzymes are unable to synthesize allolactose efficiently. The evolutionary implications of this new function are discussed.
The ebg system is being used as a model to study acquisitive evolution in the laboratory. Beginning with a strain of Escherichia coli K-12 that carries a large internal deletion within the lacZ (,B-galactosidase) gene, we have selected a large series of spontaneous mutants that have gained the ability to utilize lactose as a sole carbon and energy source (3, 5, 8, 9, 11) . These spontaneous mutations all occur in the genes of the ebg (evolved f-galactosidase) operon. One of those genes, ebgA, specifies ebg enzyme, the second 3-galactosidase of E. coli K-12. The wild-type allele is designated ebgA°, and its product is ebge enzyme. Although it hydrolyzes 'ntrophenyl-4-D-galactoside (ONPG) efficiently, ebgu enzyme hydrolyzes lactose very inefficiently. Even when ebg enzyme is synthesized constitutively as 5% of the cell's soluble protein it does not hydrolyze lactose rapidly enough to permit lactose-dependent growth (8, 10) . Point mutations within ebgA are required for the evolution of lactose utilization by these lacZ deletion strains. A substantial effort has focused on the purification and characterization of the unevolved enzyme ebge and of the various mutant enzymes designated ebg+ (3, 7) . In the course of these studies we have shown that these mutations can alter the catalytic properties of ebg enzyme and thereby increase its lactase activity 10-to 20-fold under physiological conditions (3, 7) .
There are at least two widely separated sites within ebgA where mutations greatly increase lactase activity (11) . A single mutation in the class I site results in ebg enzyme with a primary specificity for lactose (4-o-f3-D-galactopyranosyl-D-glucose), whereas one in the class II site results in ebg enzyme with a primary specificity for lactulose (4-o-,-D-galactopyranosyl-D-fructose) and a secondary specificity for lactose (4, 5, 7, 11) . When mutations are present in both sites simultaneously the resulting double-mutant ebg enzyme, designated class IV (11), acquires two new specificities: (i) activity toward galactosyl-arabinose (3-o-13-D-galactosyl-D-arabinose) is greatly enhanced relative to either class I or class II enzyme, and (ii) activity toward lactobionic acid (4- 
, not detectable in any previous classes, is present at a significant level (7) . Class IV ebgA alleles can, by a third mutation in ebgA, give rise to class V mutants which grow well on lactobionate due to greatly improved activity toward that substrate (5, 7) . Together these mutations define a branched converging pathway for the evolution of a 3-galactosidase function acting on a variety of substrates (11) .
Lactose utilization by such ebgA' strains is subject to two constraints: (i) the lacZ deletion strain must possess a functional lactose permease (lacY+), and (ii) unless the lacY' gene is expressed constitutively, an inducer of the lac operon such as isopropyl-thio-,B-galactoside (IPTG) must be included in the medium (2, 4, capable of this reaction. As a result, in the absence of IPTG ebgA+ strains exhibit a lactose-negative phenotype (9, 10, 14) .
We recently reported the isolation of an IPTGindependent lactose-positive ebgA+ mutant that converts lactose into an inducer of the lac operon (14) . The ebg enzyme specified by that mutant allele, ebgA205+, is designated ebg+BJ enzyme (14) . Strains synthesizing ebg+BJ enzyme are able to utilize galactosyl-arabinose (14) , a property unique to class IV strains. Furthermore, by a variety of criteria ebg+BJ enzyme is a typical class IV ebg enzyme (7) .
Here I report the identity of the inducer made by ebg+BJ enzyme and show that inducer synthesis is a general property of class IV ebg enzymes.
MATERIALS AND METHODS Sources of ebg enzymes. ebg enzymes were prepared from lacZ deletion strains of E. coli K-12 that synthesize the enzymes constitutively. Strain SJ60 (14) was the source of ebg+BJ enzyme. The enzymes were purified as previously described (7); ebg+BJ enzyme purified during that study was 95.3% pure (7) . The purities and sources of other ebg enzymes were described previously (7) . The enzymes are given individual letter designations (ebg+A, ebg+C, ebg+BJ, etc.) corresponding to particular evolved ebgA alleles, and the enzyme corresponding to the wild-type (unevolved) allele is designated ebge (3, 7) . Lactose (6) . The solution to be assayed was filter sterilized and added to an exponentially growing culture of strain SJ84 in glycerol minimal medium (9) . After two mass doublings the cultures were harvested, and lac permease activity was determined by measuring ['4C]thio-3-methyl-galactoside uptake as previously described (14) . One unit is the uptake of 1 Fmol of thio-3-methyl-galactoside per min at 15°C.
Paper chromatography. Paper chromatography was essentially as described by Burstein et al. (1) , except that Whatman 3MM paper was employed since it gave better resolution between lactose and allolactose. Sugars were stained with diphenylamine-aniline by the method of Schwimmer and Benvenue (15) . For liquid scintillation counting the chromatograms were cut into 1-cm strips for cm 1 through 5, into 0.5-cm strips for cm 5.5 through 20, and into 1-cm strips for cm 21 through 35. To facilitate visual comparisons of peak areas, the counts for pairs of 0.5-cm strips were added together and plotted. To permit accurate double-label counting the strips were soaked in 2 ml of distilled water in the scintillation vials overnight and then removed before the addition of an aqueous scintillation fluid (ACS; Amersham Corp.).
HPLC. Sugars were separated on a 25-cm Whatman Partisil 10 PAC column. The solvent employed was 90% high-performance liquid chromatography (HPLC)-grade acetonitrile plus 10%o 5 mM KH2PO4 at a flow rate of 2 ml/min. Fractions (1 ml) were collected and counted with ACS scintillation fluid. All radiochemicals and scintillation fluids were obtained from Amersham Corp. Galactose dehydrogenase, P-galactosidase, and a-and 3-glucosidases were obtained from Sigma Chemical Co. All other chemicals used were of reagent-grade quality or better.
RESULTS
In vitro inducer synthesis. Lactose was digested with purified ebg+BJ enzyme for various times, and the digests were assayed for the presence of inducer. The assay measures the level of induction of the lac permease in E. coli strain SJ84 which is deleted for both the lacZ and the ebgA genes. Strain SJ84 is thus unable to degrade any ,-galactoside sugars that might act as inducers of the lac operon. Because the cells are lacY' they can concentrate P-galactosides from the medium, and the assay thus yields only a semiquantitative estimate of the true inducer concentration. Inducer reached a maximally effective concentration after 10 min of digestion ( Table 1) . Digestion of lactulose, galactosylarabinose, or phenyl-p-galactoside did not result in the synthesis of detectable inducer.
The lactose digests were subjected to paper chromatography, and the sugars were stained with diphenylamine-aniline reagent that yields a blue color for 1, 4 linkages and a grey color for 1,6 linkages (1, 15). Figure 1 shows that lactose a Lactose (250 mM) was digested with 455 Fg of purified ebg+BJ enzyme per ml. At indicated intervals the reaction was stopped by steaming for 1.0 min.
After centrifugation samples were sterilized by filtration. Samples were diluted 100-fold into exponentially growing cultures of E. coli strain SJ84 in glycerol minimal medium. After two mass doublings cultures were harvested, and lac permease activity was determined. The concentration of galactose in each sample was determined with the aid of ,B-galactose dehydrogenase and NAD+. IPTG (20 mM) and 50 mM galactose were also diluted 100-fold into SJ84 cultures. The lac permease activities of 20 mM IPTG and 50 mM galactose were 8.5 and <0.3 U/g (dry weight) of cells, respectively. comigrated with the lacZ P-galactosidase-generated allolactose in four separation systems. Thus, based upon the color reaction with diphenylamine-aniline reagent and upon comigration with lacZ 3-galactosidase-generated allolactose, the new spot is identified as allolactose.
To determine whether allolactose was the inducer, D-glucose-[1-`4C]lactose was digested with ebg+BJ enzyme and chromatographed in parallel with digested nonradioactive lactose. Before digestion >98% of the 14C was in the lactose peak (data not shown). After digestion with ebg+BJ enzyme 56% of the label was in the glucose peak and 5% was in the allolactose peak. The parallel chromatogram of the nonradioactive lactose digest was cut into 2-cm strips, the sugar was eluted from each strip, and the eluate was tested for the presence of inducer (Fig. 2) . The peak identified as allolactose was clearly an inducer of the lac operon. An additional peak of inducer comigrating with lactose was also identified. That peak will be discussed in the section on indirect transgalactosylation.
Kinetics of allolactose synthesis. lacZ P-galac- Substrates were digested with 1.5 mg of ebg+BJ enzyme per ml, and the reactions were stopped at the indicated times by the addition of Na2CO3. Samples (10 >Ll) were subjected to paper chromatography, and the amount of each component was determined from the radioactivity in the appropriate peak. Panels: A, 100 mM (Fig. 3) . Figure   3A shows that the synthesis of [14C]allolactose from [14C]lactose was linear for 10 min, after which time the allolactose concentration approached a steady state. This suggests that allolactose is itself a good substrate for ebg+BJ enzyme. Figure 3B tion. Figure 3C shows that when nonradioactive lactose was digested in the presence of 100 mM [14C]glucose, the 14C label was not transferred at a significant rate to form [14C]allolactose (Table  3) . Instead, the 14C label was transferred to an unidentified peak with a mobility very similar to that of lactose. Figure 4 shows that the unidentified peak migrated slightly behind lactose.
These data suggest that ebg+BJ enzyme synthesizes allolactose primarily by direct transgalactosylation and that about 10%o of the cleavages of lactose result in the production of allolactose rather than glucose and galactose.
HPLC was also used to separate the products of lactose digestion. A digest of [14C]lactose was subjected to paper chromatography and to ebg P-GALACTOSIDASE ACTIVITY 137 HPLC. The percentage of total 14C in allolactose and in glucose in that preparation was estimated as 3.2 and 59.8% by paper chromatography and as 3.1 and 57.1% by HPLC.
Various concentrations of lactose were digested by ebg+BJ enzyme, and the digests were analyzed by HPLC. Table 4 shows that the ratio of allolactose production to glucose production was constant (0.085 ± 0.009) over the range of 1 through 100 mM lactose and that the ratio was independent of the amount of glucose produced.
'Indirect transgalactosylation. The observation that digestion of lactose in the presence of
[14C]glucose led to the synthesis of a [14C]glucose-containing compound that migrated just behind lactose (Fig. 4) and the observation that 50% digestion of lactose resulted in the synthesis of an inducer comigrating with lactose ( Fig. 2) suggested that ebg+BJ enzyme might synthesize another inducer by indirect transgalactosylation.
Unlabeled ONPG and nonradioactive lactose were each digested in the presence of [3H]glucose, the reaction was terminated, and the digests were mixed with [14C]lactose. The digestion of ONPG (Fig. SA) resulted in 3H being transferred to two peaks: A, which migrated slightly behind lactose (Rg = 0.48), and B, which migrated ahead of lactose (Rg = 0.7). As expected, the same indirect transgalactosylation products resulted from the digestion of lactose in the presence of [3H]glucose (Fig. SB) . Figure 6 shows a chromatogram of these digests stained with diphenylamine-aniline. The allolactose spot in lane 2 was the result of direct transgalactosylation during digestion of the nonradioactive lactose. The amount of allolactose stained in lane 2 was estimated to be 6.5 nmol (Table 5) . From the radioactivity the amounts of peak A and peak B material present in lane 4 were estimated as 55 and 15 nmol, respectively. The failure to detect transgalactosylation products in lane 4 by staining indicates that the indirect transgalactosylation products do not stain with diphenylamine-aniline. This observation serves to confirm the results of the double-label experi- (1); it fails to stain with diphenylamine-aniline (13 Synthesis of inducer by other ebg enzymes. The following observations suggested that efficient allolactose synthesis might be a general property of class IV ebg enzymes: (i) ebg+BJ enzyme synthesized allolactose at a measurable rate in vitro and at a rate sufficient to induce the lac operon in vivo (14) , (ii) ebg+BJ enzyme is a typical class IV enzyme (7), and (iii) the catalytic properties of nine independent class IV ebg enzymes are very homogeneous (7) .
Seven class I, 22 class II, and 12 class IV ebg+ strains, all of which were lactose positive on MacConkey lactose agar containing IPTG, were screened to determine their lactose phenotypes on MacConkey lactose agar without IPTG. All of the class IV, but none of the class I or class II, strains were lactose positive on MacConkey lactose agar without IPTG. These observations supported the hypothesis that only the doublemutant class IV strain can make inducer in vivo. 5 - pared with the 47:53 ratio observed for lacZgalactoside under similar conditions (12 a [14C]lactose (100 mM) was digested by the purified enzymes, and the digests were subjected to paper chromatography. The estimated rate of allolactose synthesis was estimated from the ratio of allolactose to glucose production multiplied by the previously determined rate of lactose hydrolysis at the physiological lactose concentration (20 mM) (7).
operon whose product is required for lactose utilization. This represents an alternative to the usual procaryotic solution of coordinate control by genetic organization into transcriptional units under control of a common regulatory protein.
